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BOUNDARY LAYER MEASUREMENTS IN AN ACCELERATED 

FLOW WITH AND WITHOUT HEAT TRANSFER 

by Howard L. Wesoky and Char lene M a y  

Lewis Research Center 

SUMMARY 

Experimental velocity and temperature profiles for the adiabatic and cooled bound
a r y  layers on a cylindrical body in an accelerated flow have been presented for a range. 
of free-stream Mach numbers from 0.21 to 0.97. A strong favorable pressure gradient 
caused the measured wake component of the velocity profiles to disappear. The momen
tum layer was thinned by acceleration, but cooling the same boundary layer caused an 
increase in velocity and momentum thicknesses over their corresponding adiabatic 
values. High acceleration caused the thermal boundary layer to become thicker than the 
momentum boundary layer. A noticeable wake component of the temperature profile 
existed at each station. Increased resistance to heat transfer would undoubtedly result  
from the growth of the thermal boundary layer into a region of low eddy conductivity. 

The measurements were compared to results of a numerical integration of the 
boundary-layer equations using a standard mixing-length model for the turbulent vis
cosity. Results of the calculations were strongly dependent on the initial condition where 
the pressure gradient was small, and almost independent of the initial conditions where 
the pressure gradient was large. Predictions of momentum, displacement and energy 
thicknesses had an average e r r o r  of 8 percent in regions of low acceleration, and 
29 percent in regions of high acceleration. 

INTRODUCTION 

Previous measurements in highly accelerated turbulent flows have indicated a r e 
duction in heat-transfer level below that considered typical of turbulent boundary layers 
(refs. 1to 5). Although the reason for this has generally been attributed to laminariza
tion of the boundary layer, or transition towards a more laminar-like flow, few 
boundary- layer measurements have been made under strong favorable pressure gradient 



conditions (refs. 1, 2, 4, and 6). In particular, very little information exists about the 
region where the pressure gradient and corresponding reduction in heat transfer are the 
greatest. 

Experimental data reported here  a r e  from a study of the turbulent boundary layer 
in an axisymmetric flow with a cooled wall. Mean velocity and temperature boundary 
layer profiles were measured on a constant diameter centerbody over which heated air 
was highly accelerated by a nozzle. Heat transfer was provided by flowing cold nitrogen 
gas through the centerbody. An attempt to measure the heat transfer using a transient 
method based on the heat storage capacity of the centerbody wall was not successful, but 
is discussed in t e rms  of the difficulties encountered. The boundary-layer measure
ments were made with and without heat transfer, providing an interesting examination 
of the combined effects of cooling and acceleration. Velocity and temperature profile 
data were obtained at five stations having free-stream Mach numbers between 0.21 and 
0.97 with the use of miniature pitot tubes and probes which combined pitot tubes with 
thermocouples for total temperature measurement. 

The scope of the present work is to present results of the measurements and to 
compare these with a solution to the boundary layer equations which uses a standard 
mixing length model for the eddy diffusivity (ref. 7). Also the results a r e  discussed in 
t e rms  of previous similar studies and the suggested acceleration cri teria for reduction 
of the turbulent heat-transfer level. 

SYMBOLS 


b centerbody wall  thickness 

pitot tube recovery factor 

cf friction coefficient 

cP specific heat 

h heat-transfer coefficient 

K acceleration parameter 

k thermal conductivity 

M local Mach number 

Me free-stream Mach number 

P static pressure 

plenum pressure 

pT total pressure 
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measured recovery pressure 


measured free-stream recovery pressure 


convective heat flux 


conductive heat flux 


ra te  of heat storage 


centerbody radius 


Stanton number, h/p C u 
e P e  
adiabatic wall temperature 

plenum temperature 

measured temperature 

total temperature 

wall temperature 

dimensionless temperature (see eq. (10)) 

time 

velocity 

free-stream velocity 

shear velocity (see eq. (12)) 

dimensionless velocity (see eq. (9)) 

axial distance measured from upstream centerbody thermocouple 

radial  distance measured from centerbody 

dimensionless radial  distance (see eq. (8)) 

axial distance measured from nozzle throat 

boundary-layer temperature thichness (distance from wall where 
(TT - Tw)/(To - Tw) = 0.99) 

boundary-layer velocity thickness (distance from wall where u/ue = 0.99) 

boundary-layer displacement thickness 

total- temperature recovery factor 

boundary- layer momentum thickness 

kinematic viscosity 

local density 



pe free-stream density 

q boundary-layer energy thickness 

A PPARATUS 

Airf low System 

A schematic drawing of the test facility is shown in figure 1. The airflow system 
and test section nozzle geometry were the same as reported in reference 6. A high-
pressure dry air supply was expanded to near atmospheric pressure in the plenum, which 
received the air through a large perforated pipe, reducing the flow velocity and causing 
thorough mixing. The upstream fiberglass blanket filter, being open to the atmosphere, 
kept the wood plenum from being damaged by over pressurization, and allowed a small  
flow to the surroundings when the test section nozzle flow was choked. Solid particles 
in the air were removed by the downstream filter, and, after flowing through the bell 
mouth inlet and test section, the air was exhausted into a 2 psia (13.8 kN/m 2 ) vacuum 
system. Flow rate  of the air was approximately 5 . 1  pounds per second ( 2 . 3  kg/sec). 

Upstream of the plenum was a steam heat exchanger (not used in ref. 6) which heated 
the air to approximately 645' R (358 K). The desired temperature was set  before each 
test and was controlled during the test by a pneumatic control system which varied the 
steam flow rate  according to a plenum temperature measurement. Plenum pressure and 
temperature were constantly monitored by a pitot tube and thermocouple ahead of the 
bellmouth entrance to the test section. Both the plenum pressure and temperature varied 
slightly between tes ts  because of changes in the atmospheric condition and steam system 
pressure and temperature, but variations during an individual test were insignificant. 

Vent 

0.  111 Flow 

6 
=in -Vacuum-

Open to 
atmosphere 

enum 
0 .  
0 .  

Fi l ter  Fi l ter  

t 
A i r  f rom heat 

exchanger 

Figure 1. - Boundary-layer and heat-transfer facility. A i r  flow rate, 5 pounds per second (2.25 kglsec); plenum 
pressure, 1atmosphere; plenum temperature, 645" R !358 K); coolant flow rate, 0.1 pound per second at 
55 psia (0.045 kglsec at  379 kNlm*). 
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Nozzle coordinates 
Z Y 

in. (cm) in. (cm) 
0 (0) 2.40 (6.10) 
1.91 (4.85) 3.39 (8.61) 
2.00 (5.08) 3.50 (8.89) 
2.10 (5.34) 3.62 (9.20) 
2.25 (5.71) 3.74 (9.50) 
2.40 (6.10) 3.84 (9.75) 
2.60 (6.60) 3.90 (9.90) 
2.75 (6.99) 3.96 (10.06) 
2.90 (7.37) 3.98 (10.11) 2.35 in. 
3.00 (7.62) 4.00 (10.16) 15.97 cm) rad. 

0 	 Measured 
Curve  fit 

Station x Free stream 
in. cm Mach number,  

Me 
1 2.50 6.35 0.21 
2 5 . M  13.97 .24 
3 7.94 M.17 .42 
4 8.56 21.74 .54 
5 10.06 25.55 .97 

. 2
0 2 4 6 8 10 

I 
12 

Axial distance, in. 

I 1 
0 5 10 15 20 25 30 

Axial distance, x, cm 

Figure 2. - Test section geometry, pressure, and acceleration 
distr ibutions. 

5 


I -




Test Section Nozzle and In let  

The axisymmetric test section, shown schematically in  figure 2, consisted of a con
stant a r e a  inlet connected to a nozzle which had the same geometry as the high gradient 
nozzle referred to in reference 6. A large bellmouth, shown in figure 1, was attached 
upstream (x = 0 in fig. 2) to  give a uniform flow at the test section entrance. The bell-
mouth, inlet, and nozzle were constructed from mahogany and given a fine lacquer finish. 
A 10 inch (25.4 cm) diameter steel pipe encased the inlet and nozzle, which were at
tached to only the upstream end of the pipe to allow for any small  shrinkage due to 
changes in moisture content of the wood. The boundary layer on the centerbody was in
vestigated with instruments mounted to traversing devices on the test  section inlet and 
nozzle wall. Five boundary layer measuring stations, whose axial positions a r e  listed 
in figure 2, were used in the experiment. The first two stations were in the constant 
a r e a  inlet, the others in the nozzle. Mach numbers, listed with the axial positions, 
correspond to static pressures  measured on the centerbody. The distribution of static 
to total pressure ratio on the centerbody is shown also in figure 2 with a flow accelera
tion parameter discussed later.  

Coolant Flow System 

To provide heat transfer,  cold nitrogen gas flowed through the test  section center-
body described later and was warmed by the air flowing over the centerbody. The 
source of the coolant gas was a liquid-nitrogen dewar pressurized to approximately 
55 psia (379 kN/m 2). This pressure was attained by boiling the liquid nitrogen in a radi
ator,  with the resulting gas used to control the pressure above the liquid and also to 
flow through the test  section as a coolant. The pressure was controlled by varying the 
flow ra te  through the radiator with a spring loaded valve. Any oscillations in the pres
sure  were damped by a large tank in the nitrogen system upstream of the tes t  section. 
The flow ra te  through the test  section was controlled by a pneumatic system which oper
ated a valve downstream of the test  section centerbody. This controller was sensitive 
to a centerbody wall  temperature, measured with a thermocouple. The amount of cool
ing was restricted by the dew point of the air, about 440' R (244K). Fros t  formation on 
the centerbody was avoided by adjusting the set  point of the controller s o  that the center-
body temperature was never below 450' R (250 K). Absence of frost  was confirmed by 
observation of the tes t  section through a window in the plenum. The nitrogen flow ra te  
was not measured, but observation of the liquid level in  the dewar yielded an estimate of 
less  than 0 .1  pound per second (0.045 kg/sec). During the steady-state portion of a test  
the nitrogen gas was exhausted to the atmosphere through the vent indicated in figure 1. 
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During a heat-transfer measurement, the valve upstream of the test section (see fig. 1) 
and the flow-control valve downstream of the test section were closed, and a valve con
necting the centerbody to the vacuum system discussed previously was opened. In this 
way, the nitrogen could be quickly evacuated from the centerbody. This was necessary 
for the heat-transfer measurement discussed in the Procedure and Data Reduction 
section. 

Centerbody 

A schematic drawing of the test section centerbody is shown in figure 1. Its length 
between the vertical inlet and outlet sections of the nitrogen coolant system was 33.4 
inches (84.8 cm). The part  of the centerbody within the inlet and nozzle portions of the 
test section was constructed from 1.125-inch (2.86-cm) diameter copper tube with 
0.048-inch (0.122-cm) wall thickness. This copper tube was soldered at both ends to 
1-inch (2. 54-cm) diameter stainless-steel tubes with 0.065-inch (0.165-cm) wall thick
ness. The step in the centerbody diameter occurred in the bellmouth, 7 inches (17.8 cm) 
upstream of the f i r s t  boundary-layer measuring station indicated in figure 2. At the up
stream end, the centerbody was supported by three s t ruts  connected to the bellmouth, 
which restrained movement only in the radial direction, and at the downstream end it was 
supported by one s t rut  and the tubing in the coolant vent line, which were rigidly con
nected to the test section wall. Supports a t  both ends were adjustable s o  that the center-
body could be accurately positioned in the axisymmetric test  section. The upstream end 
was connected to the nitrogen coolant system through a bellows which allowed the center-
body to move axially when its length was  altered by temperature gradients, and also to 
be unaffected by similar changes in length of the upstream coolant system tubing. Since 
the temperature of the centerbody was only reduced about 80' R (45 K) below ambient 
conditions, any change in its length was minimal (approximately 0.001 to 0.003 in. 
(0.0025 to 0.0075 cm)). 

The centerbody was instrumented with nine pressure taps and 13 thermocouples. 
The three thermocouples at the downstream end of the test section were disregarded in 
data reduction due to  a nearby shock wave discovered during preliminary static-pressure 
measurements, which made interpretation of the data from these impossible. Small 
stainless-steel tubing (0.040 in. (0.102 cm) diam)) was used for the pressure tap leads 
and thermocouple sheaths to  reduce coolant flow blockage and heat leaks. Chromel
constantan alloy thermocouples were used in all temperature measurements in this ex
periment. The centerbody thermocouple junctions were formed by stripping the insula
tion from a short length of swaged lead wire and welding the bared alloy wire to the 
sheath. Each thermocouple was X-rayed to  make su re  the junction would be within the 
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thickness of the copper wall in which it was to be placed. Thermocouple and pressure 
tap  leads were connected to the copper wall of the centerbody with a low melting point 
si lver type solder. 

The instrumentation was arranged in  the form of two helixes along the axis of the 
centerbody, each covering 180'. Location of the pressure taps is indicated in figure 2 
with the static-pressure distribution, and the thermocouple positions will be indicated 
later when the temperature distribution is discussed. Some slack was left in each in
strumentation lead to reduce s t r e s ses  in  the leads due to thermal expansion of the sys
tem. 

From the centerbody, the instrumentation tubing was led in a bundle to junctions 
outside the plenum. Static pressures  were measured with mercury and oil manometers 
referenced to the atmosphere, and the thermocouple readings were monitored with a 
self-balancing potentiometer. An automatic voltage digitizer was used to read the tem
peratures during the attempted heat transfer measurement which is discussed in appen
dix A. 

Boundary -La ye r Inst r umentation 

Two primary types of boundary-layer instrumentation were used in the experiment. 
The first was ordinary pitot tubes, the second was a combination of a pitot tube and a 
total temperature probe. A typical combination probe is shown in figure 3. Very small  
probes were, of course, necessary because of the thin boundary layers encountered. 
Pitot tube mouths had a maximum height, including the 0.001-inch (0.00254-cm) wall 
thickness, of about 0.010 inch (0.0254 cm), and the temperature probes were con
structed from chromel-constantan thermocouples having 0.008 inch (0.0203 cm) sheath 
diameter. The stainless steel  thermocouple sheaths were soldered to the side of the 
pitot tubes as shown in figure 3. Maximum width of this assembly was approximately 
0.040 inch (0.102 cm). 

Both circular and rectangular pitot mouths were used in the experiments. The in
clination of the pitot tubes was necessary to insure that only the mouth contacted the 
centerbody. Although rectangular mouths a r e  desirable, since these can be made 
smaller in general, they gave inaccurate measurements at the Mach 0.42 and 0.54 sta
tions indicated in figure 2. Because of the inclination of the pitot tubes to the center-
body axis, the pressure recovery of the rectangular probes was  not good at the boundary-
layer edge at these stations where the streamlines had an opposite inclination to the 
centerbody axis. Round pitot mouths, with a 15' internal chamber, gave good resul ts  
at these measuring stations, and the data reported here for these stations were meas
ured with round pitot tubes only. Reference 8 indicates that accurate measurements can 
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' 0  2 4 6 '  


C -70 -2464 

Figure 3. - Combination pitot and thermocouple boundary layer probe. 

be made with this type of probe in flows inclined as much as 30°, which is higher than 
the inclination w a s  in this experiment. A comparison of measurements made with ordi
nary pitot tubes (without a thermocouple) at the M = 0.42 station is shown in figure 4. 
The round pitot mouth had a height of 0.010 inch (0.0254 cm) and the rectangular mouth 
was 0.007 inch (0.0178 cm) high. At the two upstream stations, both shapes of pitot 
tubes were used, while at the Mach 0.97 station only rectangular pitot mouths were used 
in order to insure that the probe height was less  than 25 percent of the boundary-layer 
velocity thickness, as discussed in reference 6. Ordinary pitot tubes and the combina
tion type probe were both used for the adiabatic boundary-layer measurements. Agree
ment between these was taken as proof of the accuracy of the combination probe for  
which no data were known prior to these tes ts .  An independent calibration of the tem
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Figure 4. - Round and flattened pitot data, station number 3, Me = 0.42. 

perature and pressure recovery characteristics of all probes was conducted in a jet flow 
facility built for this purpose at the Lewis Research Center. Both pressure and temper
ature measurements made in the free s t ream of the test section used in this experiment 
compared favorably with the independent calibration. 

The boundary- layer instrumentation was mounted in electrically driven actuators 
on the test section wall. Position measurement was with a dial indicator, integral to  the 
actuator mechanism, and was accurate to  0 . 1  percent of the full actuator travel. Actu
a tors  having 0.5-inch (1.27-cm) travel were used primarily, with 2-inch (5.08-cm) actu
a tors  used only to define the outer edge of the thicker boundary layers. The probes were 
alined by using a telescope mounted outside the plenum and a mir ror  in the plenum which 
allowed observation of the test section through the telescope. With this arrangement the 
magnified image of the pitot tube mouth could be alined with its reflection in the polished 
copper surface. This worked well with rectangular mouths but was not as useful with the 
round pitot mouths. Since the data were reproducible, as discussed later, the alinement 
procedure, was judged adequate. 
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Figure 5. - Probe-wall contact determination for station 2. Free-stream Mach number, 0.24; 
1coun t  = 0.0035 i n c h  (0.00127 cm). 

Contact between the probes and centerbody was indicated by an  electrical short-
circuit device. Early in the experiment it was discovered that, as a probe neared the 
centerbody, intermittent contact, due to probe vibration, was indicated. A typical pres
sure  profile, measured near the wall, is shown in figure 5. As  the centerbody was ap
proached and contact was first indicated, the probe w a s  at the inflection point in the pro
file. Further movement of the probe towards the centerbody caused the profile to flatten 
and the electrical short  circuit to indicate full contact. The reference point, from which 
profile thickness parameters were measured, was taken as the intersection of the tan
gent, extrapolated from the inflection point, and the extended flat portion of the profile, 
as shown in figure 5. Accuracy of this technique, as judged from the figure, was ap
proximately 0.0005 inch (0.00127 cm). 

Differential s t ra in  gage pressure transducers, referenced to the plenum pressure,  
were used to read the pitot tube pressures.  The range of the transducer used varied 
from 0 .5  psid (3.450 kN/m2) to  10 psid (68.950 kN/m2), depending on the local differ
ences between static and total pressures.  A self-balancing potentiometer was used to  
read the thermocouple temperatures. 

PROCEDURE AND DATA REDUCTION 

Test P rocedure  

Prior to initiating the boundary- layer measurements, the static pressure distribu
tion along the uncooled centerbody was determined without any probes in the test section. 
Comparison of this measurement with later tests, which included heat-transfer and 
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boundary-layer probes in the test  section, indicated no observable effect due to  wall 
cooling and no blockage effects due to reduction of flow passage area by the probe sup
ports. The averaged result  of a large number of measurements of the static to  total-
pressure ra t io  distribution is shown in figure 2. As a measure of the steady nature of 
this distribution, the maximum deviation from the average Mach number, corresponding 
to a measured static pressure,  was 2.5 percent. 

Using the control systems discussed in  the APPARATUS section, approximately a 
half hour was required to attain steady-state conditions necessary for the measurements. 
A complete t raverse  of the boundary layer took approximately 1hour, and was done in a 
step-wise fashion start ing in the free-stream and moving towards the centerbody wall. 
Approximately 20 measurements were made during a t raverse ,  with the s tep s izes  de
creasing progressively as the wall was approached. Care was taken at each step to in
su re  that the probe pressure and temperature were steady and that the nominal plenum 
and wall temperatures had not changed significantly before continuing the t raverse .  
Maximum allowable deviation from the nominal plenum and wall  temperatures was 1' R 
(0.56 K) during a boundary-layer measurement with heat transfer.  Larger deviations in 
plenum temperature were allowed during an adiabatic boundary- layer measurement, 
since the velocity profile is relatively insensitive to small  temperature changes. 

Heat-T ransf er Measureme nt 

Measurement of the heat transferred from the air to the nitrogen was attempted with 
a technique based on the known heat storage capacity of the copper wall, which has been 
used frequently elsewhere (refs. 9 and 10). Ideally, the measurement requires 
(1)quickly removing the coolant from the centerbody and (2) recording the ra te  of wall 
temperature increase.  Because of the high thermal conductivity and thinness of the 
copper wall, a negligible temperature gradient exists in  the radial direction. An energy 
balance on an element of wall (see appendix) yields the following relation for  heat-
transfer coefficient h. 

h =  b 
(1) 

Taw - Tw 

The wall thickness b, density p ,  specific heat C
P' 

and thermal conductivity k, were 
constant o r  known functions of the wall temperature Tw. Adiabatic wall  temperature 

Taw was easily measured, as was the steady-state wall temperature distribution in the 
axial x direction. The ra te  of temperature increase with time t at the instant the 
coolant was removed proved more difficult to measure,  but the measurement was accom
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plished using an automatic voltage digitizer system which read each thermocouple at 
0.75-second intervals. 

When the experiment was designed, it was expected that the heat conduction term in 
equation (1)would be small  relative to the heat-storage term, which is necessary for the 
measurement to be accurate. However, due primarily to blockage of the coolant flow 
passage by the instrument leads, the axial temperature distribution was not smooth. 
Also, the peak in this temperature distribution near the nozzle throat was sharper than 
expected. For these reasons, the magnitude of the second derivative in the conductive 
term could not be accurately evaluated, thus invalidating the heat- transfer measurement 
(see appendix). 

Bounda ry-Layer Measurement 

Mean velocity and temperature profiles were measured in the centerbody boundary 
layer using instruments described in the APPARATUS section. In the case of the adia
batic measurements, the boundary-layer total temperature was assumed to be constant, 
a normal and very accurate assumption (ref. 6) in the Mach number range considered 
here. 

A small  total-pressure recovery correction was applied to each pitot tube measure
ment. The correction factor was obtained by a measurement of the free-stream re
covery pressure, Pke made during each test, and comparison with the plenum pressure. 
This method compared favorably with the independent calibration obtained for the probes. 
Since the correction 

P T - P;' P o - Pke
C r  -

P k - P Pke - P 

is a weak function of Mach number, the value based on the free-stream measurement was 
used also within the boundary layer. In equation (2), PT is the local total pressure, Pk 
is the measured pressure, and P is the local static pressure.  Maximum e r ro r  due to 
this approximate correction procedure was estimated to be less  than 1 percent in meas
ured velocity. The boundary-layer thickness parameters were not affected significantly. 

Recovery corrections were also made to the total temperature measurement using 
the correction factor, which is a function of Mach number, 
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where TR is the measured temperature, and TT is the local total temperature. Since 
the Mach number at each point in the boundary layer was determined by pressure meas
urement, no approximation for the correction procedure was necessary for the total tem
perature measurement. The correction factors obtained from the independent calibra
tion, discussed in the APPARATUS section, were used in the data reduction process. 
These were checked during each tes t  by comparison with an q based on the free-s t ream 
and plenum temperatures. 

Knowing the centerbody static-pressure distribution, and the total pressure and 
temperature distributions at the five boundary- layer stations , the distributions of Mach 
number, static temperature, and sonic velocity could be determined from standard com
pressible flow relations (ref. 11). For Mach numbers greater than 0 .3 ,  the boundary-
layer velocities were calculated from knowledge of the local sonic velocity and M. Be
low Mach 0.3, the incompressible form of Bernoulli's equation was used to calculate ve
locity, since in this range small  e r r o r s  in measured total pressure cause large e r r o r s  
in M and the corresponding velocity. At Mach 0 .3 ,  use of the Bernoulli equation r e 
sults in an e r r o r  of approximztely 1percent in velocity. The perfect gas law was used 
to calculate density wherever required. 

Because the ratios of velocity and temperature thicknesses to the centerbody diam
eter were not always small ,  thin boundary-layer assumptions in the evaluation of the 
integral thickness parameters could not be accurately applied here.  The alternative 
thick boundary-layer definitions for displacement thickness 6* ,  momentum thickness 8, 
and energy thickness c p ,  used in this experiment were 

where p,  u, and TT a r e  local density, velocity, and total temperature, respectively; 
pe, ue, and To a r e  the corresponding free-stream values; Tw is the wall temperature; 
R is the centerbody radius; and y is the radial distance measured from the centerbody. 
The upper limit of integration in equations (4) and (5) was 6 for the adiabatic wall 
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boundary layer and A for the cooled wall  boundary layer. In every case the tempera
ture  boundary-layer thickness A was greater than the velocity thickness 6. 

Use of the thin boundary-layer relations, instead of equations (4) to (6),resulted in 
values of 6* ,  8, and rp nearly 10 percent lower than those presented here  for the up
s t ream measuring stations. of course, as the nozzle throat was approached, and the 
bouhdary layer became thinner, the differences between thick and thin boundary-layer 
calculations became insignificant. 

It is important to note that a finite upper limit is used in equations (4) to  (6),but in 
many places (ref. 12) an infinite upper limit (corresponding to f ree-s t ream conditions) 
would be used. In this experiment, it was preferred to use 6 and A as upper limits,* 
since significant differences in measured values of 6 , 8, and rp occurred when dif
ferent upper limits corresponding to free-stream conditions were used. These differ
ences were attributable to  the asymptotic character of the boundary-layer outer edge and 
the numerical integration technique used to evaluate the data. Use of infinite upper 
limits in equations (4)to (61, instead of those indicated, resulted in values for the inte
gra l  thicknesses approximately 10 percent higher than those presented here.  

No corrections for displacement effect were applied to the pitot tube measurements 
to be presented. A s  stated in reference 13, there is no question that e r r o r s  due to dis
placement effect, and also turbulence, a r e  real .  However, it is not clear how the cor
rections a r e  to be applied in every situation, since they have been derived from experi
ments using specialized probe goemetry and, in most cases,  fully developed pipe flow. 
Disagreement on the magnitude of the corrections seemingly exists also.  Reference 14 
suggests a displacement correction equal to 0 . 1 9  t imes the outside thickness of the pitot 
tube; reference 15 suggests that no correction need be applied as long as the ratio of 
pitot thickness to velocity boundary-layer thickness is less  than 0 . 2 9 .  Aithough, both 
round and rectangular pitot tubes, having different thicknesses, were used at the up
stream stations in the present experiment, no outstanding differences between their 
measurements were noted. Since reference 14 suggests that differences should exist, 
particularly near the wall, the present experiment probably only further confuses the 
question of displacement effect corrections. As an example of the magnitude of e r r o r  
that may exist, the displacement correction of reference 14 was applied to an adiabatic 
measurement at the station nearest  the nozzle throat, where the thinnest boundary iayer 
was observed. The corrected value of displacement thickness was 18 percent. higher than 
the uncorrected value, and the corresponding increase in momentum thickness was 
10 percent. This is probably the maximum e r r o r  due to displacement effect that could 
exist in this experiment since the rat io  of pitot thickness to boundary-layer thickness is 
greatest  at this station. 
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RESULTS AND DISCUSSION 

Results of the boundary-layer measurements with and without heat t ransfer  a r e  pre
sented in tables I and II. Only one se t  of data per  station is given in each table, but at 
least two measurements were made at each test condition to confirm the experimental 
accuracy and obtain confidence in the instrumentation. Figures 6 and 7 present the same 
velocity and temperature profile data in graphical fashion. Temperature data a r e  pro
vided only for the cooled wall cases,  since the total temperature was nearly constant 
throughout the adiabatic boundary layer. With the experimental results,  predicted ve
locity and temperature profiles, calculated according to the method of reference 7, a r e  
shown. Average measured values of the various thickness parameters,  from all the 
measurements at each station, a r e  presented in figures 8 and 9 with the calculations 
from reference 7. Maximum deviation from the average was 9 percent for A at sta
tion 3 with heat transfer.  Maximum deviation for an integral thickness was 7 percent for 
the adiabatic value of 0 at station 5 .  Considering all stations, with and without heat 
transfer, the average maximum deviation for the various thickness parameters was 
about 3 percent. Also shown in figures 8 and 9 a r e  values for friction coefficient Cf 
calculated by the cross-plot method suggested in reference 16 which makes use of the 
measured velocity profiles. These a r e  a lso compared with the predictions using the 
technique of reference 7 .  Figure 9, in addition, shows the average measured axial tem
perature distribution with the curve fit approximation used in the computations. 

The only noteworthy characteristic of the boundary-layer measurements not at least 
partly attributable to pressure gradient concerns the temperature profiles of figure 7. 
Comparison of the slopes of the experimental data to the predicted profiles near the wall  
shows that in every case the measured profiles a r e  much steeper,  indicating a possible 
direct  heat-transfer effect between the probe thermocouple and the cooled wall. Since 
no method of evaluating the effect of heat transfer between the two bodies was  known, no 
corrections for wall proximity were made to the reported temperature readings. 

Pressure  gradient effects were evaluated by comparing the experimental data to a 
prediction method (ref. 7) which uses  a turbulent boundary-layer model based on flat-
plate flow empiricism. The computational technique is a finite difference solution of the 
two dimensional, compressible boundary layer equations including pressure gradient. A 
mixing-length hypothesis is used to model the effective viscosity of turbulence in the r e 
gion away from the wall. Near the wall, the eddy viscosity based on mixing length is 
combined in an exponential expression with the laminar vis.cosity s o  that the turbulent 
contribution is damped as the wall is approached. Two sets  of initial conditions were 
applied to the computations shown in figures 8 and 9. In one case, integration of the 
boundary- layer equations was initiated at the first boundary- layer measuring station, 
x = 2.50 inches ( 6 . 3 5  cm), using the measured velocity and temperature profiles. The 

16 




TABLE 1. - COOLED-WALL BOUNDARY-LAYER DATA 

(a) Station 1; Po . 29.38 in. Hg (99.01 kN/m2); To .642' R (357 KI; ue : 259.88 lt/sec (79.21 m/sec); 
TW i 464' R (258 K);Taw . 641' R (356 K); 6 ~ 0.249 In. (0.632 cml; 6' /6  0.0576; e / 6  - 0.0771; 
A/6 . 1.614; c n / 6  i 0. 129 

-
Ratio of radial rota1 to luundary-layer 

distance to static I C  mpemture layer 
buundary- layer ressure ratio, 
elocily thickness ,  ratio, (TT - Tw)  

~ 

y/6 P T / P  (To - Tw)  

0.015 1.0114 0.283 0.545 
,018  1.0126 .401 ,585  
,022 1.0135 ,491  ,615  
,026 1 0147 ,548  ,646  
,030 1.0156 ,576  

0.034 1.0161 0.593 0.680 
.038 1 0165 , 6 1 5  ,692 
,044  1.0171 ,632 706 
,052  1.0177 ,649  721 
,060 1.0164 ,666 ,736 

0.070 1.0191 0.683 0.752 
,082  1.0198 ,700 ,768  
098 1 0206 ,723 ,786 
118 1.0216 ,740  805 
138 1 0224 ,756  823 

ibl Stalwn 2; P 36 111 H g  198. 94 liN/m21: 
T w  472' R I'2, I:  Taw 637' I7 1354 KI; 6 
A / 6  1 893; L i d  0 158 

h l a l  111 icl"liclary- 1nycr 
51.,1*1. trnq>er.i1urr 

r l  L.h"I'P r.,t1<1. 

r.11111. iTT - TI"' 

'T IT,, - ,r? 

1.0153 0 286 0 567 
1 0160 ,352 585 
1 0180 ,473 633 
1.0199 534 670 
1.0209 564 691 

1 0222 600 716 
1 0235 618 738 
1 0244 .649 755 
1 0254 667 772 
1 0268 691 795 

1.0280 715 816 
1.  0293 746 838 
1.0304 776 H57 

1 0321 8no 883 

dishalice 10 

0.158 
. 166 
.218 
,266 
, 3 1 9  

0 .369  
419 

,519 
669 
,870 


1.070 
1 271 
1.471 
1.848 
3 776 

To 636' R 1354 K) ;  ue 

0 262 I". I O  665 rml ;  

R.LIIKuf  r . ~ l i n l  
t l lS1dl i l .P 1 0  

13,  ",,d.,ry 1.iycr 
x ~ ~ l ~ x11y Ilirrknrss. 

y 6  

0 	240 
288 
335 
383 

,478 

.669 
,859  

1.050 
1 241 
1 431 

1 . 7 9 9  
3 623 

Total to uundary- layer 
slatic trrnperature 
>ress"re ratio, 
ratio, 'T& 
PT/P (To - TwI 

1.0233 0.779 
1.0244 ,802 
1.0252 ,819 
1.0267 ,852 
1.0275 ,875  

1.0283 0.892 
1.0289 ,909 
1.0295 .931 
1.0301 .954 
1.0304 , 9 7 1  

1.0306 0 . 9 7 1  
1 0306 ,982  
1.0307 986 
1.0308 ,994  
1.0309 ,999 

290. 22 f l i s ec  188. 46 m l s e c ) ,  
6-16  0 0500; V;6 0 0776: 

TcAil 111 

sta1,c 

I,,-(lbb"rC 

r&l,<J, 
PT P 

1 0331 
1.0341 
1 0349 
1.0356 
1 .0367 

1.0377 
1 0384 
1 0387 
1.0389 
1.0389 

1 0390 
1.0391 

c~~,lKl ' ,ry-lay~r 
I C  I11pCI-rlt"I.P 

IXll". 

ITT Td 
IT,] - Twl 

0 825 
,849  
867 
879 

,810  

9 40 
958 

, 9 7 0  
976 

,983  

889 
1 000 

1aundary
l ayer  

velocity 
ratio,  

U/Ue 

-
0.842 

.665 
881 

,911 
,928 

0.943 
,955  
.967 
,980 
.988 

0.991 
,993 
,995 
,997 


1.000 

bui>dary
layer 

F<1c2c11y 
I .dI111 .  

UP 

0 Y O 0  
916 
93 0 
940 
958 

,975 


986 
, 9 9 1  
,994 

996 

997 
1 000 

0 929 
.939 

,949 
957 
964 

0.971 
981 

,990 
,994  
996 

.997 
,998 
,999 


1.000 

((.I S ln l i i ~n3 ;  P,, 29 17 i n .  H E  198.30 k N  m2):  T,, 643'' R 1357 KI: up 514 96 I1 ~ P C1156 96 m scc l ;  
Ty 484" R 1289 KI: T,$>" 640" R (356 KI ;  6 0 187 111 10.475 cml: 6 %  6 0 0119; 6 0.0570; 
2 6 1 813: c 6 0 223 

P a t i < ,  <,I radlal Tiilnl t i ,  3,undxry- layer B,mundary- Ratio nl radial Tolal lo lhundary- layer 
, distance 10 SlJ t lP  l(.ililll.rdt"re I'Lyer dlslnnrc to St.I lIC trm1Ip?l'"t"rr 

biwndary- 1.1yer
1 velocity Ihtrknrss. 

~ 1 6  

,I.PbS"Tt-

E l t l O .  

PT/ P 

T d t l < l .  

ITT - T d  
IT,, - TW1 

YPlllclly 
Z..Il,<>,

"." 
I,<l"ndary- layer 

Y I ~  

veIoc11y l h i c  kness. 
prrssurc 
T21lC1, 

PT/ P 

* d l l O .  

ITT - T I 

(TO -

0.024 1 0830 0.332 0 740 0 197 1 1193 0 .741  
,025  1 0844 .383 .751 ,250 1 1212 ,767 
.031 1 0885 ,478  779 ,304 1.1227 799 
,036  1.0920 .536 800 ,370 1 1242 824 
.041 1.0951 .561 ,815  ,437 1 1253 .a49  

0.047 1 0981 0 574 0 829 0.531 1 1263 0.875 
,052 1.1003 587 . a 3 9  ,705 1 1277 913 
,057  1. 1023 600 .a49  .972 1 1288 951 
.066 1. 1045 613 .a59  1.239 1 1294 970 
,076 1.1069 ,626 .869 1.507 1.1296 ,983 

0. 087 1.1091 0.645 0.880 1.774 1.1297 ,989 
. 103 1.1115 ,664  ,891 2.042 1.1298 996 
,130 1.1147 ,684  906 2 571 1.1298 1 .002  
. 156 1 1170 ,716 , 9 1 6  5 .  117 1.1298 1 .008  

~~ 
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TABLE I. - Concluded. COOLED-WALL BOUNDARY-LAYER DATA 

(d) Station 4; Po = 28.99 in. Hg (97.70 kN/m2); To = 643' R (357 K); ue = 656.61 ft/sec (200. 13 m/sec); 
T

W 
= 492' R (273 K); Taw = 638' R (354 K); 6 = 0.0797 in. (0.202 Cm); 6 * / 6  = 0.0222; 8 / 6  = 0.0548; 

A/6 = 3.149; ~ / 6= 0.236 

Ratio of radial  Total to Boundary- layer Boundary- Ratio of radial Total to Boundary- layer Boundary-
distance to static temperature  layer distance to static temperature  layer 

boundary-layer pres s u r e  ratio,  velocity boundary-layer pressure ratio,  velocity 
velocity thickness, ratio, ratio, velocity thickness, ratio, (TT - Tw) ratio, 

Y/6 pT/p u/ue Y/6 pT/p (To - Tw) U/Ue 

0.050 1.1454 0.438 0.769 0.376 1.2148 0.820 0. 963 
.056 1.1506 ,539 ,792 ,439  1.2168 .840 ,970  
.069 1.1627 ,581 .826 ,596  1.2190 .881 ,979 
,082 1.1724 ,615 ,851  . I 5 3  1.2205 ,908 .985 
,094  1.1779 ,636 ,865 ,910  1.2214 .92a .gag 

0.107 1.1821 0.649 0.876 1.223 1.2221 0.948 0.993 
,125 1.1894 ,677 ,895 1.694 1.2228 .968 ,996  
,144 1.1942 ,691  .906 2.321 1.2230 . g a l  ,998  
,169 1.1990 ,711  ,919 2.948 1.2230 .gas ,999 
. 2 c 1  1.2030 ,732 ,929 3.262 1.2230 .991 1.000 

0.232 1.2066 0.752 0.939 3.575 1.2230 0.995 1.000 
,270 1.2096 ,773 . 947 3.889 1.2230 .995 1.000 
,314  1.2121 ,793 ,955 4.203 1.2230 ,995 1.000 

(e) Station 5; Po = 28. 91 in. Hg (97.43 kN/m2); To = 642" R (357 K); ue = 1105.50 ft/sec (336.96 m/sec) ;  
Tw = 509' R (283 K); Taw = 632' R (351 K); 6 = 0.0854 in. (0.217 cm); 6*/6 = 0.0238; 8 / 6  = 0.0575; 
A/6 = 2.658; ~ / 6= 0.298 

Ratio of radial 
distance to 

boundary-layer 
velocity thickness, 

Y/6 

0.043 
,049 
,061 
.073 
.084 

0.096 
,114 
,131  
.155 
,178 

0.207 
,237 
.272 
,313 
,371  

Total to Boundary-layer Boundary- Ratio of radial  Total to Boundary- layer Boundary. 
static temperature layer distance to static temperature layer 

pressurc ratio, velocity boundary- layer pressurc ratio, velocity 
ratio,  ratio,  velocity thickness, ratio,  ratio,  
pT/T u/ue Y1 6  P,/P d u e  

1.4074 0.315 0.710 0.430 1.8136 0. a07 0.973 
1.4397 .439 ,743 ,518 1.a i a i  . 838 ,978 
1.4863 .495 .17a .664 1.8226 ,868 ,984  
1.5199 ,512 .a00 .a11 1.8241 ,899  ,987 
1.5497 ,529 ,818 ,957 1.8252 .914 .989 

1.5781 0.545 0.836 1. 162 1.8265 0.937 0.992 
1.6105 .562 .a55 1.496 1.8274 .960 ,995 
1.6415 .579 .812 2.128 1.8277 .983 ,998  
1.6713 .603 .gag 2.714 1.8278 ,991  ,998 
1.6991 ,627 ,905 3.300 1.8278 ,998  ,999 

1.7269 0.658 0.920 3.885 1.8278 1.006 1.000 
1.7496 ,682 .933 4.471 1.8278 1.006 1.000 
1.7735 ,714 .947 5.056 1.8278 1.006 1.000 
1.7916 ,752 ,958 5.  624 1.8278 1.006 1.000 
1.8065 ,784 ,968 

_ _  I 

18 




TABLE II.  - ADIABATIC BOUNDARY-LAYER DATA 

(a) Station 1; Po .29.45 in. Hg (99.25kN/m2); To i 641' R (356 K); 
u = 259.69 l t /sec  (79.15m/sec) ;  6 = 0.224 in .  (0.569cm); 
6 * / 6  = 0.0946; e / 6  - 0.0714 

Rat io  01 r a d i a l  
d i s tance  to 

boundary- l ayer  
velocity thickness, 

Y/6 

0.017 

.019 

,024 
.028 
,033 


0.037 

,044 

,050 

.059 

.073 


0.088 

.lo6 

,128 

,155 


(b) Statlo" 2; Po 
(88.23 m/sec); 

Ratio of radial 
distance to 

buundary-layer 
velocity thickness, 

Y/O 

0.017 

022 

. 026 
,031 
,035 

0.040 
,046 
. 055 
071 

,089 


0,111 

,134 

167 

212 


icI  Station 3; Po 

Total  to Boundary- Ratio of r a d i a l  
s t a t i c  layer  d i s tance  to 

pressure velocity boundary-layer 
r a t io ,  ra t io ,  velocity thickness, 

P T / P  u/u, y/6 
.

1.0095 0.555 0.184 
1.0103 .578 .218 
1.0117 .618 ,251 
1.0128 .646 ,295 
1.0137 .666 .351 

1.0142 0.680 0.429 
1.0150 ,697 .574 
1.0156 ,713 ,797 
1.0162 ,726 1.020 
1,0170 ,744 1.243 

1.0178 ,761 1.465 
1.0186 ,776 1.688 
1.0198 ,000 2.049 
1.0209 ,822  3.471 

Tota l  to Boundary 
s t a t i c  layel

p r e s s u r e  velocity 
ra t io ,  ra t io ,  

P T / P  U/Ue 

1.0219 0.842 
1.0229 ,862 
1.0240 .882 
1.0253 ,906 
1.0266 ,928 

1.0278 0.948 

1.0291 ,970 

1.0300 ,985 

1.0303 ,991 

1.0306 ,994 


1.0306 0.995 

1.0307 .996 

1.0308 .998 

1.0309 1.000 


9.44 in. Hg (99.21kN/m2) ;  T o  i 632' R (351K); ue i289.46 f t /sec 
.0.223 in. (0.566cm); 6'/6 i 0,0919;8 / 6  0.0713 

Total to 0""dary- Ratio a1 radial  
s ta t ic  layer  d i s tance  to 

pWSS"re "eloclty boundary-layer 
ra t to .  ra t io ,  velocity th ickness ,  

P T / P  u/u, y/6 

1.0130 0.579 0.268 
1 0150 621 , 3 2 5  

1.0169 .661 ,381 
1.0185 691 .431 
1.0196 ,710 .504 

1 0203 0 722 0.616 
1.0210 ,735 ,785 
1.0219 ,751 1,009 
1 .0233  ,714 1.233 
1.0244 ,792 1.458 

1.0259 0.816 1.682 
1.0269 ,831 1,901 
1.0283 ,852 2.046 
1.0299 ,876 

Total to B0""dary
s t a t i c  layer  

pressure "eloclly 
ra t io .  ra t io .  

P T / P  U/Ue 

1.0316 0.900 

1. 0328 ,917 

1. 0337 ,930 
1.0347 943 
1.0354 . 952 

1.0366 0.968 

1.0315 ,981 

1.0383 ,990 

1.0388 ,996 

1.0389 998 


1.0391 1.000 

1.0391 1.000 

1.0391 1.000 


-__ 
29.28 m. Hg (98.67kN/m2); To 659' R (366 K);ue 520.84f t /sec 

(158.15m/ser); 6 0.113 in .  10.287 rm); 6 * / 6  0.0635; 0 / 6  0.0403 

Ratio 01 radial  
distance to 

boundary-layer 
"eloelfy tlurklless. 

y/6 

0.047 

,051 

,060 
,069 

,078 


0.087 
,096 
,109 
,122 
. 136 

0.153 

,171 

,189 

,211 


Total to Boundary- Boundar  
s t a t i c  layer  layer  

p*eSS"re velocity uelocit, 

r a t io ,  ra t io ,  ra t io ,  

P T / P  u/ue U/Ue 
-

1.0862 0.825 0 .238  1.1150 0.945 
1.0878 , 8 3 3  .273  1.1163 .950 
1.0907 .845 ,326 1.1185 ,959 
1.0940 , 860  ,393 1,1202 ,965 
1.0969 ,872 ,481 1.1217 .971 

1.0989 0.881 0.592 1.1235 0.977 
1.1012 .e90 ,147 1.1253 ,984 
1.1039 ,901 1.035 1.1213 ,991 
1 1060 .910 1.478 1,1289 ,997 
1.1077 ,917 1,921 1.1296 999 

1.1094 0.923 2.304 1.1298 1.000 
1.1108 ,929 2.808 1,1298 1,000 
1.1122 ,935 3.251 1,1298 1.000 
1.1137 ,940 3.694 1,1298 1.000 
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TABLE II. - Concluded. ADIABATIC BOUNDARY-LAYER DATA 

(d) Station 4; Po = 29.43 in. Hg (99.18 kN/m 2 ); To = 655' R (364 K); ue = 663.98 ft/sec 
(202.38 m/sec); 6 = 0.0468 in. (0.119 cm); 6*/6 = 0.0921; 8/15 = 0.0425 

~ 

Ratio of radial Total to Boundary- Ratio of radial Total to Boundary-
distance to static layer distance to static layer 

boundary-layer pressure velocity boundary-layer pressure velocity 
velocity thickness, ratio, ratio, velocity thickness, ratio, ratio, 

Y/6 PT/P U/Ue Y/6 PT/P U/Ue 

0.113 1.1555 0 .850  0 .482  1 .2091  0 .971  
.119  1.1583 .857 .557 1.2120 .977  
. 140 1.1658 .875  , 6 6 4  1 .2149  .983 
. 1 6 1  1.1729 .892  .878  1.2178 .988 
. 183 1.1792 , 9 0 6  1 .145  1.2196 .992 

0 . 2 0 4  1.1827 0.914 1.680 1.2219 0.996 
.226  1.1871 .924  2 .214  1 .2229  .998  
.247 1.1898 .930  2.749 1.2233 .999  
.279  1 .1939  .939  3.284 1.2236 1.000 
. 3 1 1  1.1965 . 9 4 4  3.818 1 .2237  1 .000  

0.343 1.1988 0.949 4.353 1.2237 1 .000  
.386  1.2027 .957  4.887 1.2237 1 .000  
.429 1.2056 ,963 5.422 1.2237 1.000 

5.957 1.2237 1 .000  

(e) Station 5; Po = 29.26 in. Hg (98.61 kN/m2); T = 646' R (359 K); ue = 1108.06 ft/sec
*o

(337.74 m/sec); 6 = 0.0336 in. (0.0853 cm); 6 /6 = 0.137; b'/6 = 0.0604 

Ratio of radial Total to Boundary- Ratio of radial Total to Boundary-
distance to static layer distance to static layer 

boundary- layer pressure velocity boundary-layer pressure velocity 
velocity thickness, ratio, ratio, velocity thickness, ratio, ratio, 

Y/6 P,/P U/Ue Y/6 P,/P u/ue 

0.113 1.3921 0.755 1 .065  1.8079 0.992 
. 128 1.4179 .775 1.363 1.8143 , 9 9 4  
. 158 1.4719 ,813 1.735 1.8182 .996  
. 187 1.5080 .837 2.107 1.8207 .997  
.232  1.5492 ,862  2.627 1 .8227  .998 

0.277 1.5865 0.884 3 . 5 9 4  1 .8246  0.999 
. 3 2 1  1.6225 ,903 5.082 1.8260 , 9 9 9  
. 3 6 6  1 .6599  ,923 6 .570  1.8267 1 .000  
.426  1.6972 , 9 4 1  8 .058  1.8270 1 .000  
.500  1. 7319 .958 9.545 1 .8274  1 . 0 0 0  

0 .574  1.7500 0.966 11.033 1.8274 1 .000  
.693  1.7718 .976  12 .521  1.8274 1.000 
.842 1.7937 .986  13.369 1.8274 1.000 

.. 
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(a1 Station 1; free-stream Mach number, 0.21. 
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Ibl Station 2: Free-stream Mach number, 0.24. 
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Radial distance from wall, y, in. 


IC) Station 3; free-stream Mach number, 0.42. 

Figure 6. - Boundary-layer velocity distributions 
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c (d) Station 4; free-stream Mach number,  0.54. 
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(e) Station 5; free-stream Mach number, 0.97. 

Figure 6. -Concluded. 
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(a) Station 1; free-stream Mach number, 0.21. 

0 

.4 t 
0 

. 2  I 
,001 

I I 1 1 1 1 1 1 1  I I I I I l l l l  I ,A 
.01 .10 1.0 

Radial distance from wall, y, in. 

I I 1 
. O l  .10 1.0 

Radial distance from wall, y, cm 

(b) Station 2; free-stream Mach number, 0.24. 
Figure 7. - Boundary-layer temperature distributions. 
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other initialization used velocity and temperature profiles extrapolated from the experi
mental data at x = 2 . 5 0  inches (6.35 cm) to x = 0. Only the resul ts  from the first 
initialization scheme a r e  indicated in figures 6 and 7. 

Pressure  gradient effects have recently been discussed in t e rms  of an acceleration 
parameter suggested in reference 3 and defined as follows: 

K = - - due'e 
(7)

2 d x  
ue 

This parameter is very convenient because it is defined in te rms  of conditions external 
to the boundary layer, and, therefore, is easily measured. As stated in  reference 4, 
values for K between 2X10-6 and 3. 5x10-6 have been suggested as cr i ter ia  for the oc
currence of laminarization. Figure 2 shows the range of K observed in this experi
ment with the measured pressure distribution and the curve f i t  approximation used in the 
integration of the boundary layer equations. Since the highest value of the acceleration 
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parameter was about 2. 3X10-6, it cannot be stated definitely that laminarization did 
occur. However, as indicated in  references 2, 4, and 6, significant reductions in heat 
t ransfer  below the level normally associated with a turbulent boundary layer are to  be 
expected with the values of K observed in the present experiment. 

As indicated in  figure 6, the strong favorable pressure  gradient causes the wake 
component of the velocity profiles (ref. 12) to disappear as K increases from about 
0 . 1 ~ 1 0 - ~at station 1to 2. 2X10-6 at station 3. At station 5, K has decreased to about 
0. 9X10-6, and a slight wake component can be observed again in the velocity profiles. 
These trends a r e  evident in the predicted as well as the measured profiles, with and 
without heat transfer.  The temperature profiles shown in figure 7 do not indicate the 
same trends as the corresponding velocity profiles. A wake component exists in all of 
the measured temperature profiles, although at station 4 it is very slight. The predicted 
profiles indicate a wake which progressively becomes a greater  portion of the profile as 
the flow progresses from the inlet to the nozzle throat. 

As stated in reference 4, the decrease in heat transfer observed for accelerated 
flows is believed to  result  from a combination of the effects of a thicker sublayer and a 
thermal boundary layer penetrating beyond the momentum boundary layer.  This is 
demonstrated in reference 4 through arguments involving the integral forms of the 
boundary-layer momentum and energy equations. It is shown that for sufficiently large 
values of K a decrease in Reynolds number based on momentum thickness occurs. 
However, under the same conditions the energy thickness Reynolds number continues to  
increase, which means that the thermal boundary layer grows outside the momentum 
layer into a region of low eddy conductivity and high resistance to heat transfer.  This 
resul t  is also demonstrated in reference 2. 

In the present experiment the effect of acceleration was to reduce the thickness of 
the momentum boundary layer, and the effect of cooling was to increase the velocity and 
momentum thicknesses and decrease the displacement thickness. At station 5 the ve
locity thickness for the cooled boundary layer was about 2.7  t imes thicker than the cor
reqonding adiabatic measurement, and the cooled boundary layer momentum thickness 
was about 2.5  t imes the adiabatic thickness. This increase only shows the interdepend
ence of the boundary-layer energy and momentum equations, since the thicker momentum 
layer in the heat-transfer case was due to the thick thermal layer which was not as se 
verely affected by the acceleration, thereby agreeing with the argument of reference 4. 

The observed nature of the wake components of the boundary layer and the actual 
thickness measurements indicate that the thermal boundary layer does indeed become 
much thicker than the momentum layer as the flow is accelerated. The ratio c p / O  
increased from 1.6 at  station 1 to 5 . 1  at station 5. The fact that cp was considerably 
larger  than 8 even at station 1 was probably due to the acceleration caused by the 
bellmouth inlet. These results compare favorably with the measurements of refer
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ences 2 and 4. Considering the case where the calculation of reference 7 was initial
ized at the first boundary-layer measuring station, the predicted value of q / O  at 
station 5 was 4.5. Thus, even the flat-plate flow empiricism used here to model the 
effective viscosity qualitatively predicted the rapid growth of the thermal boundary 
layer relative to the momentum layer due to acceleration. However, as indicated 
above, the shapes of the measured temperature profiles differ somewhat from the 
predictions of reference 7 in the region of highest acceleration, resulting in a 12-percent 
difference between the measured and predicted values of q / 0  near the nozzle throat. 
Therefore, the mixing length hypothesis, particularly as it pertains to the accelerating 
thermal boundary layer, probably has not been an effective model and should be reex
amined. 

The argument of reference 4 pertaining to the sublayer growth with acceleration can 
be examined by investigating the measurements and predictions in universal or "law of 
the wall' ' coordinates in figures 10 and 11where 

y+ =- 	p t  
1,

W 

u+ = - 	U 
(9) 

ut 

+ 'fUe T~ - Tw=%(TIW- TJ 

where u7 is the commonly used shear velocity based on wall conditions (ref. 12) .  
Values of friction coefficient Cf and Stanton number St from reference 7 were used 
with the experimental data in figures 10 and 11. Also shown in these figures is a rep
resentation of the law of the wall (ref. 1 2 )  in order to better compare the present re 
sults with those from flat-plate flow analysis. The form used here is due to Clauser 
(ref. 16) and can be written 

The assumption that u+ = T+ in equation (11)implies unit Prandtl number, which is not 
important in the discussion to follow. 

In terms of the universal coordinates, it is often assumed that the laminar or  
molecular viscosity can be ignored beyond yf = 26 (refs. 4 and 7).  This value is based 
on flat-plate flow empiricism. Below y+ = 26, it is assumed that a buffer layer, where 
turbulent and laminar viscosities a r e  important, exists, and, very near the wall, a 
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Figure 10. - Dimensionless velocity profiles. 
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completely laminar sublayer is assumed. As stated previously, reference 7 combines 
these two regions into one sublayer model, which is the method suggested also in ref
erence 4. The existence of this sublayer is characterized by a sudden increase in  the 
slope of a velocity o r  temperature profile from that predicted by the law of the wall 
(eq. (11))as the wall is approached. 

Because of the thinness of the measured momentum boundary layer, particularly in  
the region of high acceleration, it is difficult to state for certain what the extent of the 
velocity sublayer was in the present experiment. At stations 3 and 4, the measured 
velocity profiles indicate no definite law of the wall region, and what was measured might 
be termed a wake-like flow for highly accelerated boundary layers .  The other three sta
tions, as discussed previously, have more standard type velocity profiles, including the 
same type of wake region as observed in zero or adverse pressure gradient flows. How
ever,  these three stations also indicate the possible extent of the sublayer. At the two 
upstream stations, where the acceleration is slight, the measured sublayer seemingly 
extends to about y+ = 40, whereas, at the far downstream station, the sublayer might 
extend to as far as y+ = 70. This is essentially the same with or without heat transfer.  
The values of y+ stated here, however, must be considered highly qualitative, since 
wall friction was not measured. 

The measured thermal boundary layer could provide more definite information as to 
the extent of the temperature sublayer i f  the possibility of significant heat transfer be
tween the probe and centerbody wall did not exist. From figure ll, it appears that the 
sublayer extends to about y+ = 40 at the two upstream stations and to about y+ = 80 for  
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the three downstream stations. This is very similar to  the extent of the sublayers noted 
above for the three velocity profiles where a noticeable sublayer existed. If this were 
t rue,  then it could be asser ted that a definite increase in the extent of the sublayer was 
caused by the acceleration. However, the possible heat-transfer effect between probe 
and wall, and, also, the fact that the actual wall friction is not known, somewhat cloud 
the issue. 

The predicted velocity and temperature profiles of reference 7 (as indicated in 
figs. 10 and 11)give no indication of any sublayer growth as the flow accelerates. This 
is because, as stated previously, the model for  the effective viscosity assumes that the 
flow becomes fully turbulent beyom3 y+ = 26, no matter what pressure gradient occurs. 

Equation (11)gives a fair representation of the law of the wall region of the meas
ured velocity profiles a t  stations 1 and 2 for  the adiabatic case. This is to be expected 
because equation (11)is based on analysis of zero pressure gradient flows. At stations 3 
and 4 no comparison is possible, but at station 5 both the adiabatic and the heat-transfer 
cases  yielded velocity profiles with regions which equation (11) represented fairly well. 
Although this could not be expected for  heat-transfer case, previous measurements 
(ref. 6) have indicated that the adiabatic boundary layer near a nozzle throat can be rep
resented by a form of the law of the wall. The only statement that can be made about the 
temperature profiles of figure 11in relation to  equation (11)is that the relative slopes 
indicate that a definite law of the wall region exists at every station. The difference in 
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level between the measured data and equation (11) can be partly attributed to the assump
tion of unit Prandtl number implicit in the equation. 

The velocity portion of equation (11) is also the basis for the c ross  plot technique 
(ref. 16) used to estimate the friction coefficients Cf corresponding to the present 
boundary layer measurements (figs. 8 and 9). Essentially, this method requires finding 
a region within the measured velocity profiles where the law of the wall is valid, or 
where the shear velocity, is constant. Knowing u7, f rom 

u = ur e 

the local wall friction coefficient can be determined. This method, of course, requires 
that the law of the wall (eq. (11))be valid in the flow field to which it is applied, which 
is probably only strictly true in flat plate type flows. Therefore, difficulty in applying 
the cross-plot method to boundary layers with strong pressure gradients might be ex
pected. In flows such as those examined here,  where the law of the wall region becomes 
very small  or disappears completely, the method is highly difficult to apply. Figure 8 
indicates that the c ross  plot method of determining Cf and the prediction of reference 7 
agreed fairly well, particularly when the measured velocity profile was used as the ini
tial condition for integration of the boundary layer equations. Figure 9 shows that, for 
the heat transfer case, the two methods did not agree.  Since the method of reference 7 
accounts for pressure gradient effects, the Cf values calculated by it a r e  considered 
more accurate. The agreement between the predicted and measured values of displace
ment and momentum thicknesses indicate this to be t rue.  However, the actual and pre
dicted values of friction coefficient a r e  undoubtedly only close in regions where the 
boundary-layer acceleration is small  enough to avoid laminarization. This has been r e 
ferred to by the authors of reference 7 in connection with their attempt to predict the 
heat-transfer data of reference 3 and is attributed to the effective viscosity hypothesis 
containing laminar effects only very near to the wall. 

It should be noted that both methods of predicting Cf yielded maximum values very 
close to the axial position where the acceleration parameter K was a lso a maximum. 
The predicted values of Cf in the region of maximum acceleration seem to be high when 
compared with calculated and measured friction coefficients in known turbulent flows 
(ref. 7). A definite possibility for this occurrence could be the reduction of turbulence 
level below that where the classical models of the turbulent boundary layer a r e  valid, as 
suggested above in connection with reference 7. As stated previously, a laminarized or  
transition type boundary layer may have existed in the region where the acceleration 
parameter K reached its maximum value. 
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Another difficulty in applying the prediction method of reference 7 is indicated in  
figures 8 and 9. The calculated values of all parameters  were strongly dependent on the 
initial condition in the upstream region, where the pressure gradient was small .  Where 
the acceleration was large, the resul ts  are relatively insensitive to upstream history. 
When the measured velocity and temperature profiles at station 1were used to initiate 
the integration, the calculated and predicted values of the boundary layer thicknesses 
agree reasonably well. The largest  e r r o r s  occurred where the acceleration, based on 
K, was high. At stations 2 and 5 (Me = 0.24 and 0.97) the average e r r o r  in displace
ment, momentum, and energy thicknesses was 8 percent. At station 3 (Me = 0.42), 
where K was highest, and immediately downstream at station 4 (Me = 0.54), the aver
age e r r o r  was 29 percent. Average e r r o r  in  the predicted values of 6 and A was 
15 percent at stations 2 and 5, and 26 percent at stations 3 and 4. However, due to the 
asymptotic nature of the boundary layer, e r r o r s  would also be expected in the measured 
values of 6 and A,  making the predicted values less  meaningful. The quantitative 
agreement between the measured and predicted profiles of figures 6 and 7 is more diffi
cult to analyze, but undoubtedly the pressure gradient plays a large part  in yielding the 
indicated differences. 

Results of the attempted heat-transfer measurement a r e  presented in the appendix. 
Calculated values of the heat-transfer parameters,  using the method of reference 7, a r e  
a lso presented. 

SUMMARY OF RESULTS 

Experimental velocity and temperature profiles for the adiabatic and cooled bound
a r y  layers on a cylindrical body in an accelerated flow have been presented. The meas
urements were made over the Mach number range Me = 0.21 to 0.97, and compared 
with a numerical integration of the boundary-layer equations using a standard mixing-
length model for the turbulent viscosity. An attempt to measure the related heat t rans
f e r  was not successful. The following resul ts  of the boundary-layer measurements and 
calculations were indicated: 

1. A strong favorable pressure gradient caused the measured wake component of 
the velocity profile, normally associated with the turbulent boundary layer in zero and 
adverse pressure gradient flows, to disappear. The momentum layer was thinned by 
acceleration, but cooling the same boundary layer.caused an increase in the velocity and 
momentum thicknesses over their corresponding adiabatic values. Acceleration effects 
were well correlated by the parameter K = (ve/uz)/(due/dx). 

2. High acceleration caused the thermal boundary layer to become thicker than the 
momentum boundary layer. A noticeable wake component of the temperature profile 
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existed at each station. Increased resistance to heat transfer would undoubtedly resul t  
f rom the growth of the thermal boundary layer into a region of low eddy conductivity. 

3 .  The extent of the boundary layer sublayer was difficult to evaluate because of its 
thinness and the lack of wall friction measurements. Thermal boundary-layer measure
ments, which must be qualified due to possible direct  heat transfer between the probe 
and cold centerbody wall, indicate that high acceleration may have caused the sublayer 
to grow outside the bounds which characterize zero and adverse pressure gradient flows. 

4. Standard models of the turbulent boundary layer yield friction coefficients in the 
region of highest acceleration larger than those normally measured or calculated. This 
is a possible indication of laminarization or  a transition type boundary layer. 

5. The numerical integration of the boundary-layer equations was strongly depend
ent on the initial condition where the pressure gradient was small ,  and almost independ
ent where the pressure gradient was large. Predictions of momentum, displacement 
and energy thicknesses had an average e r r o r  of 8 percent in regions of low acceleration, 
and 29 percent in regions of high acceleration. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, July 30, 1970, 
129-01. 

38 




APPENDIX - HEAT-TRANSFER MEASUREMENT 

Use of the known heat storage capacity of a body to  measure heat transfer has been 
used frequently (refs. 9 and 10). In its attempted application in this experiment, the 
measurement required the sudden removal of the coolant from the centerbody and moni
toring the rate of wall  temperature increase.  Because of the high thermal conductivity 
of the copper wall and its thinness, a negligible temperature gradient existed in the 
radial  direction. An energy balance on an element of the wall, shown in figure 12, 

-A i r  flow 

Qh 

I- ~.- Ax 

Figure 12. - Element of centerbody wall used in energy balance. 

assuming no heat transfer to the coolant side, yields 

Qs (Rate of heat storage) = Qh (Heat transfer from air) + Qk (Heat conducted in at x) 

(Heat conducted out at x + Ax) (Al)  

where 

Qs = p C  b Ax-dTw 
P d t  

% = -kb-dTW (A31 
dx 

Unit thickness, perpendicular to the figure, is assumed in equations (A2) to (A4). Sub
stitution of these relations in equation (Al)  yields 
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Equation (A5)is correct at any time t after the coolant has been removed; however, it 
is only of practical interest  at t = 0, the instant of the coolant's removal, when the heat 
t ransfer  from the air is the same as during the steady state cooling period. By measur
ing the axial temperature gradient and the rate of temperature change at t = 0, it is then 
theoretically possible to determine the heat transfer coefficient at any axial position on 
the centerbody. 

Practically, the measurement was not as straightforward as the theory indicates, 
since it is impossible to instantly remove the coolant from the centerbody. As explained 
in  the APPARATUS section, the nitrogen coolant was removed from the centerbody by 
closing valves at the inlet and vent, and opening a valve to the vacuum system. This 
caused an expansion wave to  propagate through the nitrogen remaining in the centerbody, 
which reduced the coolant temperature and, effectively, the wall temperature from its 
steady-state value. An example of the temperature history is given in figure 13, which 
shows the result  of a measurement at x = 0. The time required to remove the nitrogen 
from the centerbody was estimated to be about 0.75 second by measuring the internal 
pressure of the centerbody with a transducer at its upstream end. 

Measurement of the ra te  of temperature increase was with an automatic voltage 
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digitizer (AVD) system which read each thermocouple at 0.75 -second intervals. Because 
of the finite purge time for  the coolant, the data from t = 0 to 0. 75 second, was ignored in  
the data reduction process. Although data were recorded for periods as long as 30 sec
onds, only those from t = 0.75 to 4.00 seconds were used for  the curve fit necessary to 
determine dTw/dt, so that the best  possible accuracy could be  attained near t = 0. The 
effective value for dTw/dt at t = 0 was determined by using the curve f i t  to extrapo
late back to the steady state temperature at each thermocouple station. Temperatures 
in the time direction were curve f i t  with a second order polynomial, using the least 
squares method. Accuracy of this method depended on the range of temperatures in
cluded in the time interval considered. The greatest  difference between measured and 
curve f i t  temperature was  about 0.3' R (0.54 K) at x = 10.531 inches (0.268m), where 
the largest heat flux was measured. Accuracy of the extrapolation was checked by meas
uring each of four thermocouples separately with the AVD at 0.10 second intervals. Fig
ure  13 shows a comparison of readings taken at 0.10second intervals with those taken. 
at 0.75-second intervals for the thermocouple at x = 0, along with the curve f i t .  Deter
minations of dTw/dt, using the data measured at the two sampling rates ,  differed by no 
more than 5 percent. 

The conduction te rm in equation (A5) was evaluated by assuming that over the nar
row range of temperatures attained by the centerbody during steady-state conditions, k 
could be considered constant, resulting in 

dx dx2 

For the measurement to be accurate, the heat conduction term must be small  relative to 
the heat storage term in equation (A5), which is the case in all successful applications 
of this method. As  shown in the RESULTS AND DISCUSSION section, the axial tempera
ture distribution was not smooth and, in particular, a sharp peak existed near the noz
zle throat. As a result ,  evaluation of the second derivative in the conduction te rm be
came a highly inaccurate process. In particular, wherever a peak existed in the axial 
temperature distribution, the magnitude of the conduction te rm varied over a wide range, 
depending on the order of the curve f i t  used to approximate the distribution. The most 
accurate approximations (highest order curve fits) resulted in  values having the same 
order of magnitude as the heat storage term.  Therefore, since evaluation of the second 
derivative of experimental data of the type presented here cannot be considered accu
rate,  the heat-transfer measurement was invalidated. 

Some results of the attempted heat transfer measurement a r e  shown in figure 14. 
Stanton number and heat transfer coefficient distributions, as measured by the above 
method with (d2Tw/dx 2 ) = 0, a r e  indicated. The e r r o r  band shown for the downstream 
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Figure 14. - Heat-transfer data and calculat ions from reference 7. 

data points indicate the difference between neglecting the conduction term and using a 
second order least squares polynomial to  approximate d2Tw/dx2 in this region. When 
a similar approximation was used in the upstream region, the e r r o r  bands were negli
gible, and thus are not indicated. Also shown in figure 14 are resul ts  f rom the predic
tion method of reference 7, using the two initial conditions discussed in the RESULTS 
AND DISCUSSION section. The calculations indicate a significant decrease in Stanton 
number or  heat transfer level, immediately downstream of the region of highest accel
eration, which indicates a qualitative comprehension of pressure gradient effects by the 
prediction method. 

Two difficulties are believed to have contributed to the failure of the heat transfer 
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measurement. The coolant flow passage was very cluttered due to the large number of 
instrument leads required to pass through the small  diameter centerbody. However, 
because of problems in  assembling such small  instrumentation, no better design existed, 
and the result  was an unsmooth temperature distribution. Also, as mentioned previ
ously, a sharp peak existed in  the temperature profile near the nozzle throat. This was 
due entirely to the strong favorable pressure gradient, and is typical of nozzle heat-
transfer data where the nozzle convergence angle is steep. An experimental design in
corporating a clear coolant flow passage, and avoiding the difficulties of measurement 
near a nozzle throat, could probably apply the transient heat transfer method success
fully. 
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